Rheumatoid arthritis (RA) is a systemic autoimmune disease affecting 1% of the world's population, with significant morbidity and mortality. In this study, we investigated a recombinant adeno-associated virus (rAAV) vector for its potential application in RA gene therapy. rAAV encoding Escherichia coli ␤-galactosidase was injected into rat joints which had already been induced into acute arthritis after local lipopolysaccharide (LPS) administration, and the efficiency of in vivo transduction was evaluated. We observed a striking correlation between vector transgene expression and disease severity in arthritic joints. The inflammatory reaction peaked at 3 to 7 days after LPS treatment, and, at the same time, 95% of the synoviocytes had high-level transgene expression. Gene expression diminished to the basal level (5%) when the inflammation subsided at 30 days after LPS treatment. More importantly, the diminished transgene expression could be efficiently reactivated by a repeated insult. The transgene expression in normal joints transduced with rAAV remained low for a long period of time (30 days) but could still be induced to high levels (95%) at 3 to 7 days after LPS treatment. This is the first demonstration of disease state-regulated transgene expression. These findings strongly support the feasibility of therapeutic as well as preventative gene transfer approaches for RA with rAAV vectors containing therapeutic genes, which are expected to respond primarily to the disease state of the target tissue.
Rheumatoid arthritis (RA) and animal models of arthritis are inflammations of joints leading to the destruction of joint cartilage and eventually to destruction of joint function (24) . In general, these diseases are characterized by abnormal proliferation of the specialized epithelial cells known as synoviocytes that form the lining tissue of the intra-articular space of diathodial joints (34) . Although the causes of RA are not fully understood, laboratory and clinical evidence suggests that proinflammatory cytokines, particularly tumor necrosis factor (TNF) and interleukin-1 (IL-1), have an important role in its pathogenesis (2, 9) . Soluble TNF receptor (sTNFR) and IL-1 receptor antagonist (IL-1Ra) are molecules that can prevent the binding of TNF and IL-1 to their respective cell surface receptors (20, 27, 38) and improve the inflammatory symptoms of arthritis (23, 24, 31) . With the recent advance of gene therapy, sTNFR and IL-1Ra genes have been delivered by retrovirus-based and adenovirus-based vectors into synoviocytes to achieve anti-inflammatory functions both in vivo and in vitro, with variable success (13) . Ex vivo transfer of the IL-1Ra gene to the synovium has lead to a suppression of the intra-articular response to IL-1 (23, 31) . While effective, ex vivo gene delivery by transplantation of retroviral vector-transduced synoviocytes is laborious and expensive and thus is difficult to apply on a widespread scale (17) . On the other hand, adenovirus vectors delivering IL-1Ra and sTNFR have also been reported to suppress collagen-induced arthritis in rats (3, 25) . However, inflammation has been noted when adenovirus vectors themselves are injected into knee joints of rabbits and mice (30, 37) .
The elimination of transduced cells by the host immune system and the episomal nature of this vector cause a short-lived expression of adenovirus-transduced genes (45, 46) . Adeno-associated virus (AAV) is a single stranded, nonpathogenic virus. AAV vectors represent a promising alternative to current viral delivery systems (42, 43) . Removal of all viral coding sequences (96% of the genome) eliminates the possibility of an immune response to residual viral gene expression (1, 15, 42) . The recombinant AAV (rAAV) genome can integrate into the host chromosome, facilitating long-term transduction (29, 43) . Recent studies with rAAV in vivo have resulted in efficient, long-term gene transfer in a variety of tissues (1, 15, 42) . In addition, rAAV preparations are stable and can be produced at high titers of more than 10 12 particles per ml (16) . Recent research with tissue cultures indicated that cell proliferation can enhance rAAV transduction significantly (36) . These findings make arthritis a candidate disease for AAV gene therapy, since arthritis is accompanied by synovial membrane cell proliferation.
In this study, gene delivery into arthritic joints by rAAV carrying the Escherichia coli ␤-galactosidase gene regulated by the cytomegalovirus (CMV) promoter was studied in an animal model of acute arthritis. The animal arthritis was established by intra-articular injection of lipopolysaccharide (LPS), which induces transient synoviocyte hyperplasia and polymorphonuclear cell infiltration (8, 11, 12, 18, 22, 39) . We find that joint inflammation could be induced by LPS treatment effectively and that the expression of the transduced gene decreased significantly when the transient inflammation subsided, about 30 days after LPS treatment. Moreover, the reduced transgene expression could still be efficiently reactivated by a second LPS treatment.
MATERIALS AND METHODS
rAAV. The rAAV-lacZ construct used in this work contains a lacZ reporter gene that harbors a nuclear localization signal under the regulation of the CMV immediate-early promoter (42) . Preparations of the rAAV-lacZ viral vector were made by cotransfection methods according to published protocols with modifications (44) . Briefly, at 1 to 2 h before transfection, 80 15-cm-diameter dishes of human 293 cells at 80% confluence were fed with 25 ml of fresh Iscove modified Eagle medium (Gibco) containing 10% fetal calf serum (Gibco) without antibiotics. A total of 49 g of plasmid DNA (16 g of rAAV-lacZ plasmid plus 8 g of pXX2, which encodes Rep and Cap proteins, and 25 g of pXX6, which encodes adenovirus gene products) was used to transfect 293 cells in each 15-cm-diameter dish by using a modified calcium phosphate precipitation method as described previously (44) . Cells from these 80 dishes were harvested 48 h after transfection, resuspended in 40 ml of OptiMEM medium (Gibco), and frozen and thawed four times. Cell lysates were digested with 4,000 U of DNase (Sigma) and 1 mg of RNase (Sigma) at 37°C for 30 min, and deoxycholate (Sigma) was added to a final concentration of 1%. The mixture was then homogenized, and CsCl was added to a final density of 1.37 g/ml. CsCl density gradient purification was then carried out as previously described (42) . Titers of rAAV-lacZ were determined by coinfection of 293 cells with various dilutions of rAAV-lacZ and adenovirus type 5 dl309 (multiplicity of infection of 1). The cells were fixed 24 h later and stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (42) . Each blue cell was considered to be transduced by one infectious rAAV-lacZ particle.
Animals and experimental arthritis. Sprague-Dawley rats weighing 250 to 300 g were handled in accordance with government guidelines. Experiments were done with female rats 8 weeks of age. Experimental arthritis was achieved by the following protocol. LPS (Sigma) was dissolved in distilled H 2 O with gentle sonication and diluted to 1 mg/ml in phosphate-buffered saline (PBS). Rats were anesthetized with 30 mg of tribromoethanol (Avertin; Aldrich Chemical Co., Milwaukee, Wis.) per kg intraperitoneally. Intra-articular injections of LPS (10 g) were then given through the patella tendon, using a 30-gauge needle adapted to a Hamilton syringe.
In situ staining for ␤-galactosidase transgene expression. Rats were anesthetized with 30 mg of tribromoethanol (Avertin) per kg intraperitoneally. One hundred microliters of rAAV-lacZ (10 7 infectious units) or an equivalent volume of PBS was given through the patella tendon, using a 30-gauge needle adapted to a Hamilton syringe, slowly over 1 min. We made sure that there was no back flow of virus fluid after the removal of the needle. The sizes of the knees did not change significantly after injection, and the viral solution did not withdraw after injection. In situ staining for ␤-galactosidase activity was performed by a published procedure with modifications (40) . Briefly, at various times after rAAVlacZ infection, animals were euthanized with a intravenous overdose of pentobarbital. Knee joints were dissected, and synovial tissue together with the patella tendon were removed and washed extensively with 1ϫ PBS. The synovial tissues were fixed in a solution freshly prepared by mixing equal volumes of 4% paraformaldehyde in PBS (pH 7.4) and 1.25% glutaraldehyde in PBS (pH 7.4) with gentle shaking for 2 h. After fixation, samples were rinsed with PBS (pH 7.4) three times and soaked in PBS for 1 h. Immediately after the fixation and rinsing, synovial tissues were placed in staining solution containing 5 mM K 3 Fe(CN) 6 , 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% Nonidet P-40, and 1 mg of X-Gal per ml in PBS (pH 7.4) for 4 h at 37°C with gentle shaking. Samples were freshly frozen in OCT (Miles, Inc., Elkhart, Ind.). Sections (5 m) were prepared on a CM1900 cryostat (Leica) and placed on microscope slides. For the estimation of percentages of lacZ-positive cells, X-Gal-stained sections were counterstained with hematoxylin and eosin. The numbers of X-Gal-stained cells and synoviocytes without X-Gal staining were determined by cell counting under a BX50 microscope (Olympus, Tokyo, Japan) from five randomly selected highpower fields (magnification, ϫ400). Percentages were derived by dividing the numbers of X-Gal-stained cells by the sums of the numbers of X-Gal-stained cells and the numbers of synoviocytes without X-Gal staining. The five results were then averaged. Histology. For histological study of synovial tissues, rats were euthanized with pentothal, and synovial membranes were surgically removed, fixed with 4% paraformaldehyde, sectioned with a CM1900 cryostat (Leica), and stained with hematoxylin and eosin. after intra-articular injection (8, 11, 12, 18, 22, 39) . To study the effect of inflammation on gene delivery to synovial tissue, LPS was injected into the knee joints of Sprague-Dauley rats. Within 12 h after injection, redness and swelling of all of the injected joints could be observed (data not shown). As shown in Fig. 1A and F, before the injection of LPS, there were two or three layers of normal synovial lining cells and no polymorphonuclear cell infiltration of subsynovial adipose tissue. Synovial membrane hyperplasia, due to synovial fibroblast proliferation, was observed 3 days after LPS injection (Fig. 1B and  G) . We also observed polymorphonuclear cell infiltration in the synovial lining layer and subsynovial adipose tissue (arrows in Fig. 1G ). These changes lasted for 7 days (Fig. 1C and H) and gradually subsided during the next 7 days (Fig. 1D and I) . At 30 days after LPS injection, no signs of inflammation could be identified (Fig. 1E and J) . These morphological and histological findings indicate that acute arthritis can be induced by LPS treatment and subsides within 30 days.
RESULTS

Establishment of an LPS-induced arthritis model. LPS induces
Enhancement of rAAV gene delivery by the inflammatory process. After the establishment of the animal model of arthritis, we intended to investigate rAAV-mediated gene delivery in inflammatory joint tissues and used the lacZ gene as a reporter. However, it has been reported that synoviocytes may produce significant endogenous levels of lysosomal galactosidase, an enzyme that may react with X-Gal and produce falsepositive signals (35) . To rule out the possibility that lacZpositive signals were from lysosomal galactosidase in synoviocytes, LPS was injected into both knees of the same Sprague-Dauley rats. After 12 h, rAAV-lacZ was injected into the right knee joints and PBS (as a negative control) was injected into the left knee joints of the LPS-injected rats. Three days after LPS injection, synovial tissues were isolated, fixed, and stained with X-Gal. The lacZ-positive cells had blue staining in their nuclei because the rAAV used in this study carries a lacZ reporter gene that harbors a nuclear localization signal (42) . The results indicate that LPS treatment resulted in accumulation of lacZ-positive cells in rAAV-lacZ-injected knee joints ( Fig. 2A) but not in control knee joints (Fig. 2B) . Thus, the lacZ-positive signals in LPS-treated joints indeed resulted from the expression of the E. coli ␤-galactosidase gene delivered by rAAV. In the control group of rats, we injected rAAVlacZ into normal joints, and only a small number of lacZpositive cells were observed (Fig. 2C) . This was drastically different from the findings for knee joints that received both rAAV-lacZ injection and LPS treatment ( Fig. 2A) and suggests that LPS-induced inflammation can enhance the gene delivery by rAAV. Again, no lacZ-positive cells were observed in the normal knees without rAAV-lacZ injection (Fig. 2D) .
To further characterize the enhancement of gene delivery by LPS treatment, a time course analysis was performed. LPS was injected into the right knee and PBS was injected into the left knee of the same Sprague-Dauley rats. Twelve hours later, rAAV-lacZ was injected into these joints. At 3, 7, 14, and 30 days after rAAV injection, synovial tissues were isolated, fixed, and stained for ␤-galactosidase activity. The percentages of lacZ-positive cells were determined by counting blue cells from five randomly selected high-power fields under a microscope. At 3 days after rAAV-lacZ injection, about 95% of synovial FIG. 2. rAAV-mediated lacZ gene delivery into synovial tissues. In an experimental group of rats, both knee joints were injected with 10 g of LPS. Twelve hours later, 10 7 infectious units of rAAV-lacZ virus in 100 l of PBS was injected into the right knee joints (A), and 100 l of PBS was injected into the left knee joints (B). In a control group of rats, 10 7 infectious units of rAAV-lacZ virus in 100 l was injected into the right knee joints (C), and 100 l of PBS was injected into the left knee joints (D). Three days after the first injection, synovial membranes were surgically removed, fixed, and stained for ␤-galactosidase (lacZ) activity. Bar, 100 m.
lining cells were stained positive and lacZ-positive cells were distributed both in the synovial lining layer and the adipose tissue layer underneath (Fig. 3A) . At 7 days after rAAV-lacZ injection, about 89% of synovial lining cells remained positive (Fig. 3B) . At 14 days after rAAV-lacZ injection, there was a moderate reduction of lacZ-positive cells, to 70% (Fig. 3C) . However, at 30 days after rAAV-lacZ injection, the lacZ-positive cells dropped to 8% (Fig. 3D) . In synovial tissues from joints with PBS treatment, lacZ-positive cells were always fewer than 5% at 3 (Fig. 3E), 7 (Fig. 3F), 14 (Fig. 3G) , and 30 ( Fig. 3H ) days after the injection of rAAV-lacZ. These observations further confirm that expression of the AAV-transduced gene can be stimulated by LPS pretreatment, as shown in Fig.  2 . Moreover, it seems that the expression of the AAV-transduced gene is transient and correlates strongly with the degree of joint inflammation.
CMV promoter-controlled gene expression can be reinduced by LPS treatment. From the results shown in Fig. 3 , there are several possible explanations for the gradual loss of lacZ-positive cells during the subsidence of LPS-induced arthritis. One is that the transduced cells may go into apoptotic or nonapoptotic cell death. If this is the case, the reexposure of the
FIG. 3. Correlation between inflammation status and lacZ gene expression. Normal rat knee joints were injected with 10 g of LPS (A to D) or PBS (E to H). Twelve hours later, 10
7 infectious units of rAAV-lacZ was injected into knee joints. At 3 (A and E), 7 (B and F), 14 (C and G), and 30 (D and H) days after rAAV-lacZ injection, synovial membranes were surgically removed, fixed, and stained for ␤-galactosidase (lacZ) activity. Bar, 100 m.
synovium to LPS must not increase lacZ-positive cells, since transduced cells are permanently lost. Another possibility is the suppression in normal synovial tissue of the CMV promoter, which was used in this study to drive lacZ gene expression. To test these two possibilities, we first pretreated rat knees with LPS. Twelve hours later, rAAV-lacZ was injected into the same joints. Thirty days later, X-Gal staining revealed that the expression of the lacZ gene was suppressed to less than 8% (Fig. 3D and 4A) . A second dose (10 g) of LPS was then injected into the same joints. The expression of the lacZ gene was monitored over time. At 3 days after LPS treatment, about 93% of the cells in the synovium were stained positive (Fig. 4B) , and about 90% of the cells remained positive 7 days after treatment (Fig. 4C) . Fourteen days later, there was a moderate reduction of lacZ-positive cells, to 70% (Fig. 4D) , and 30 days later, the lacZ-positive cells dropped to 8% (Fig.  4E) . The lacZ-positive cells were of the same percentage and were distributed in the same histology pattern as shown in Fig.  3 . Taken together, these results demonstrate that the CMV promoter of the rAAV transgene may be induced by LPS and suggest that the decrease of cells expressing the transgene is from suppression of the CMV promoter rather than from loss of transduced cells.
LPS can induce lacZ gene expression 30 days after rAAVlacZ gene delivery. As demonstrated above, the gene delivery by rAAV-lacZ was poor in the absence of LPS stimulation or an inflammatory process. This predicts that gene therapy may not be effective if rAAV is delivered when joint tissues are not in the condition of inflammation, such as in the early stage of arthritis, during remission, or with anti-inflammatory therapy. This may limit the application of rAAV-mediated gene therapy in arthritis. Hence, in this study, we investigated whether the inactive rAAV-delivered gene could be stimulated by a later inflammatory process. rAAV-lacZ was first injected into bilateral knee joints, and 30 days later, LPS was injected into the knee joints. Only 5% of the cells were lacZ positive before LPS injection (Fig. 5A) , and about 92% of synoviocytes became lacZ positive at 3 (Fig. 5B) and 7 (Fig. 5C ) days after LPS treatment. The percentage of lacZ-positive cells decreased to 65% at 14 days (Fig. 5D) and to 5% at 30 days (Fig. 5E ) after LPS injection. Figure 5F , G, H, I, and J show fewer than 5% lacZ-positive cells at 0, 3, 7, 14, and 30 days, respectively, after control PBS treatment. These results in Fig. 5 are similar to those in Fig. 2 , suggesting that the lacZ gene can be delivered and remain inactive in joint tissues in the absence of inflammation for at least 30 days and that this gene can then be induced by the occurrence of inflammation.
DISCUSSION
This is the first demonstration of disease state-regulated transgene expression. In this study, when the lacZ gene was delivered by rAAV through direct joint injection, we found that the transduction efficiency was low (Fig. 3E to H) . However, after joint inflammation was induced by LPS treatment, most cells (95%) in the synovium became lacZ positive (Fig.  3A and B) during the peak of inflammation (3 to 7 days after LPS treatment), and the number of positive cells decreased with the subsidence of inflammation (14 to 30 days after LPS treatment) (Fig. 3C and D) . The transient induction of gene expression by rAAV does not seem to be a specific response to LPS, since we have performed the same experiments by intraarticular injection of recombinant IL-1␤, which was reported to induce acute arthritis in mice and rabbits (5), and observed a transient increase of lacZ-positive cells similar to that induced by LPS injection (data not shown). The mechanism of the enhancement of gene transduction in joint tissues by inflammation is unclear. LPS-induced cell proliferation may be one of the mechanisms that can activate the expression of the rAAV-transduced gene. Proliferating cells are transduced by rAAV about 10-to 1,000-fold more efficiently than quiescent cells (14) . Thus, the synoviocyte proliferation induced by the inflammatory process (Fig. 1 ) may promote rAAV-mediated transduction.
More likely, the enhancement of gene expression by inflammation may be through the activation of the CMV promoter by LPS and proinflammatory cytokines. Recent findings indicated that the CMV promoter can be induced by LPS (26) . The CMV promoter is active in many cell culture systems and is considered to be one of the strongest promoters in vitro. However, when CMV promoter is used in in vivo approaches to gene therapy, it becomes silent within a few weeks in several organs (19) . Recent reports showed that the silenced CMV promoter can be reactivated by LPS treatment in liver, and the LPS-induced NF-B signaling pathway has been proposed to be the mechanism of CMV promoter activation (26) . LPS is a potent stimulator of macrophages and monocytes, which respond by producing TNF and IL-1, etc. (7, 10, 28) . Other recent reports demonstrated that LPS, IL-1, and TNF can cause phosphorylation and degradation of IB, an inhibitor of NF-B (6, 33) . In general, NF-B is constitutively expressed in the cytoplasm, is bound to the inhibitor IB, and remains inactive. Only when IB is degraded can NF-B be released, be translocated to the nucleus, and become functional for transcription activation (21, 32, 41) . There are four NF-B consensus binding sites in the CMV promoter, and efficient transcription from the CMV promoter is dependent on these sites (41) . Hence, an explanation of the enhancement of gene expression could be that NF-B is inactivated by its binding to IB in normal synoviocytes, and the lack of binding between NF-B and the CMV promoter renders the CMV promoter inactive. In the presence of LPS, TNF, or IL-1, the degradation of IB leads to NF-B translocation into the nucleus and activates the CMV promoter.
In this study, we observed a striking correlation between transgene expression and the severity of the arthritis. At the peak of the disease insult (3 to 7 days), 95% of the synoviocytes (Fig. 3A and B) had high-level transgene expression, which diminished to a basal level of 5% synoviocytes when the joint inflammation subsided at 30 days after LPS treatment (Fig.   FIG. 5 . Induction of the rAAV-delivered gene by delayed LPS-induced arthritis. rAAV-lacZ virus (10 7 infectious units) was injected into both knee joints. Thirty days later, the right knees (B to E) were injected with 10 g of LPS, and the left knees (G to J) were injected with PBS. Before treatment (A and F) or at 3 (B and G), 7 (C and H), 14 (D and I), and 30 (E and J) days after treatment, synovial membranes were surgically removed, fixed, and stained for ␤-galactosidase (lacZ) activity. Bar, 100 m. 3D). We exposed the joints which recovered from LPS-induced inflammation to a second injection of LPS and observed a dramatic reactivation of transgene expression, in which the gene expression pattern was similar to that induced by the first LPS treatment (Fig. 3 and 4) . Regarding the mechanisms responsible for these observations, the reinduction of lacZ-positive cells may be explained by inflammation reactivating the suppressed CMV promoter. Since a single LPS treatment induces only transient inflammation of synovial tissues (Fig. 1) , the CMV promoter is transiently activated. Interestingly, the transduced gene remains stable in synoviocytes and becomes readily induced by the second LPS treatment. This model strongly suggests the persistence of the rAAV-delivered gene in the synovium for at least 30 days. Indeed, the fact that the percentage of lacZ-positive cells (93%) induced by reexposure of synoviocytes was similar to that induced by primary LPS treatment indicates that there was no detectable reduction of transduced cells over 30 days.
Here, we present evidence that the lacZ gene could be predelivered by rAAV, remain inactive in synoviocytes for at least 30 days, and then still be efficiently induced by LPS treatment (Fig. 5) . Since arthritis can be diagnosed at an early stage when joint inflammation is not severe, the application of rAAV gene delivery for the prevention of arthritis may be restricted if inflammation is necessary to facilitate gene delivery. It is comforting that the results shown in Fig. 5 indicate that the prevention of arthritis by gene delivery is feasible.
Among the challenges of developing gene therapy for arthritis is the achievement of efficient, prolonged, and yet regulated gene expression in vivo. Ex vivo gene transfer to cells derived from rabbit synoviocytes by using recombinant retrovirus has been reported; however, the efficiency of gene transfer is relative low, and the technique is laborious (4, 5) . On the other hand, the use of adenovirus vectors for intra-articular infection is relatively simple and results in the efficient genetic transduction of synovial lining cells, but the gene expression is transient (19) . From our observations, rAAV transduction to synoviocytes can be highly efficient ( Fig. 2 and 3) . The reinduction of lacZ gene expression in a majority of the cells (Fig. 4) indicates that the rAAV-transduced gene can be stably maintained in synoviocytes for at least 30 days. This stability can be attributed to the integration capability of rAAV and to the fact that rAAV-transduced cells do not elicit a cytotoxic-T-lymphocyte response; both are major differences between rAAV vectors and the currently used recombinant adenovirus vectors (1, 15, 42, 45, 46) . In this study, we demonstrate efficient and stable gene delivery by rAAV, suggesting that rAAV is a superior tool for arthritis gene therapy. Moreover, this is the first demonstration of disease state-regulated transgene expression. These findings strongly support the feasibility of therapeutic as well as preventative gene transfer approaches to RA with rAAV vectors containing therapeutic genes, which respond primarily to the disease state of the target tissue.
